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SUMMARY 
Theoretical exhaust-plume calculations f o r  nozzles exhausting in to  quies- 
cent a i r  have been performed t o  obtain exhaust-plume boundaries and in te rna l  
charac te r i s t ics  within rocket exhaust plumes. The calculations were performed 
f o r  three d i f fe ren t  supersonic nozzles over a range of r a t i o s  of nozzle-exit 
pressure t o  ambient pressure from approximately 10 t o  106. Also included 1 s  a 
general study of exhaust-plume ef fec ts  on a typ ica l  spacecraft which suggests 
several  possible problem areas requiring fur ther  considerations. 
The re su l t s  from the  theore t ica l  calculations give exhaust-plume contours 
out t o  the  maximum plume diameter and the  in te rna l  charac te r i s t ics  within the 
plumes f o r  the three d i f fe ren t  nozzles. The in t e rna l  Characterist ics of the 
exhaust plumes include Mach number, density, and temperature, which are pre- 
sented i n  the form of plume in te rna l  contour mappings. 
INTRODUCTION 
The operation of rocket motors a t  high a l t i t udes  and near-vacuum condi- 
t i ons  r e su l t s  i n  a severely underexpanded flow of exhaust gases a t  the nozzle 
e x i t .  The nozzle exhaust gases create  large billowing exhaust plumes which 
a re  of concern (refs. 1 and 2).  
of the  exhaust plume wfth the  vehfcle-to-ground radio-frequency communication 
signals,  the impingement of exhaust gases upon adjacent surfaces with attendant 
heating and pressure loads, and the reverse-flow e f fec t s  at the  center of a 
c lus te r  of nozzles. Considerable research i s  i n  progress t o  obtain fur ther  
understanding of these problem areas with the purpose of preventing o r  accu- 
r a t e l y  predicting t h e i r  e f fec ts .  
The areas of concern include the interference 
(See, f o r  example, refs. 3 t o  8.) 
A knowledge of the  in t e rna l  aerodynamic charac te r i s t ics  of exhaust plumes 
w i l l  assist i n  the prediction of: 
and other plumes; (2) the  approximation of the magnitude of impingement forces 
upon adjacent surfaces by use of Newtonian flow theory (ref. 9 ) ;  and (3) may 
simplify the  prediction of the  t i m e  of occurrence and the  magnitude of s ignal  
(1) plume impfngement upon adjacent surfaces 
. . . . . _. ..- 
attenuation caused by the plume in te r fe r ing  w i t h  the vehicle-to-ground communi- 
cation signals.  
large enough t o  intercept  the l i n e  of sight between the vehicle antenna and the 
ground tracking s ta t ion.  
The attenuation occurs when the nozzle exhaust plume becomes 
The work reported herein w a s  i n i t i a t e d  t o  provide theore t ica l  exhaust- 
plume charac te r i s t ics  which could be used i n  s tudies  of exhaust-plume impinge- 
ment and attenuation of radio-frequency s ignals  passing through exhaust plumes. 
Theoretical calculations have been performed f o r  three d i f fe ren t  supersonic 
nozzles: a circular-arc-expansion nozzle of high e x i t  Mach number that  i s  typi-  
c a l  of a nozzle designed f o r  space operations, and two conical-expansion noz- 
z les  of a lower e x i t  Mach number sui table  f o r  lower-altitude operation. The 
calculations were performed w i t h  a computer program using t h e  method of charac- 
t e r i s t i c s  presented i n  reference 1 f o r  a range of r a t i o s  of nozzle-exit pres- 
sure t o  ambient pressure from approximately 10 t o  106. 
mappings of Msch number, density, and temperature for several values of the 
r a t i o  of nozzle-exit pressure t o  ambient pressure were obtained by machine 
plot t ing.  
dix, produces the machine-plotting input from the r e su l t s  of the program f o r  
the  method of charac te r i s t ics .  
perfect  gas exhausting in to  a quiescent medium and an isentropic flow through- 
out the exhaust plume. The isentropic-flow assumption i s  val id  i n  the region 
of flow bounded by the  in te rna l  shock of the plume and first Mach disk; how- 
ever, slight e r ro r s  are involved i n  the computations fo r  the region from the 
in te rna l  shock out t o  the plume boundary. 
and isentropic flow grea t ly  reduces the complexities and computation time of 
t h i s  computer program. 
Internal-plume contour 
An interpolating computer program, which i s  presented i n  the  appen- 
The method-of-characteristics program assumes a 
The assumption of a quiescent medium 
Also presented i s  a brief study of exhaust-plume ef fec ts  on a typical  
spacecraft i n  order t o  determine whether possible problem areas ex i s t  which may 
require fur ther  consideration. The study w a s  conducted on problems categorized 
i n  the following groups: 
and signal attenuation of the  transmitt ing and receiving antennas. 
exhaust-gas impingement, backflow of exhaust gases, 
SYMBOLS 
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Mach number 
nozzle-exit Mach number 
nozzle-exit s t a t i c  pressure 
nozzle t o t a l  pressure 
ambient pressure 
perpendicular distance from j e t  axis 
nozzle -exit  radius 
T temperature 
X distance downstream from nozzle-exit plane 
% initial. turning angle, measured between nozzle axis and tangent to 
jet boundary at nozzle lip 
.Y ratio of specific heats 
P density 
en nozzle half-angle 
CL Mach angle 
Pn Mach angle corresponding to Mj 
"n Prandtl-Meyer expansion angle for nozzle-exit Mach number 
Prandtl-Meyer expansion angle for jet-boundary Mach number '1 
Sub scripts : 
RBX maximum 
t total or stagnation 
MODELS ANI3 ANALYTICAL PROCEDm 
The analytical investigation reported herein incorporates results from 
three supersonic nozzles. One nozzle is of a circular-arc design, and the 
other two are of a conical-nozzle design. (See fig. 1.) The nozzles are 
designated Nozzles I, 11, and 111 as shown in figure 1. These nozzles are 
typical of those used for launch vehicles (nozzles I1 and 111) and for space- 
craft (nozzle I). Nozzles I and I11 are also representative of nozzles 
designed to obtain from ground tests attenuation measurements of radio- 
frequency signals passing through the nozzle-exhaust plume. 
tries are shown in the sketches of figure 1. and the conditions used in the 
theoretical computations are given in table I. 
The nozzle geome- 
The method of characteristics as applied in the determination of a nozzle 
exhaust-plume boundary and the internal characteristic network of the plume 
requires that the point values of the nozzle leading characteristic line and 
corner-expansion fan be known. 
performed to obtain the leading characteristic line and corner expansion fan 
was dictated by the nozzle geometries and operatfng conditions. 
leading-characteristic-line calculations are dependent upon nozzle values of 
Mj, en, and 7, and the corner-expansion-fan calculations require that en, 
pn, y ,  and the p corresponding to the nozzle-total-pressure ratio pt/pm be 
(See refs. 1 and 10.) The type of calculations 
That is, the 
3 
111 1111 11 111 1111111 II , I  , ..., . . . . .  
known. For very small nozzles, viscous e f f ec t s  i n  the nozzle may influence the 
parameters a t  the e x i t  (ref. 1); however, f o r  the nozzles investigated herein, 
nozzle flow w a s  assumed t o  be inviscid.  
the corner-expansion-fan calculations are performed by means of brief d i g i t a l  
computer programs whose output cards are the input data cards f o r  8 method-of- 
charac te r i s t ics  FORTRAN computer program (ref. 1) f o r  determining the charac- 
t e r i s t i c  mesh of an exhaust plume. 
presented i n  the appendixes of reference 1. 
The leading-characterist ic-l ine and 
The programs and descriptive procedures are 
The a l t i t u d e  range f o r  each nozzle f o r  which calculations have been made 
i s  presented i n  f igure  2 as a function of the r a t i o  of nozzle-exit pressure t o  
ambient pressure p p, . The curves shown span the range of ambient pressures 
that may be obtained i n  t h e  60-foot-diameter vacuum sphere at the Langley 
Research Center. Nozzle I i s  representative of a design sui table  f o r  operation 
a t  the  much higher pressure r a t io s  of a space environment. 
( J /  1 
RESULTS AND DISCUSSION 
Theoretical Calculations 
Jet plume boundaries f o r  nozzle exhausts expanding in to  quiescent a i r  have 
been computed by use of the  FORTRAN program presented i n  reference b which 
incorporates the method of charac te r i s t ics  using three-dimensional i r ro t a t iona l  
equations of flow. 
coordinates and several  additional internal-flow parameters, one of which is  
the l o c a l  Mach number. 
r a t i o  of specif ic  heats  ( 7 )  i s  constant throughout the plume, other flow condi- 
t i ons  such as loca l  density and temperature r a t i o s  may be obtained. 
t o  p lo t  contours of constant Mach nuniber and/or other parameters, it i s  neces- 
sary t o  interpolate  between consecutive points i n  the character is t ic  net.  For 
this  reason a program has been se t  up t o  have this  step performed by the 
IBM 7090 electronic  data processing system yielding punch cards of the output 
which can be used d i r ec t ly  i n  machine plot t ing.  
FORTRAN T I  language, i s  included i n  the appendix. 
The charac te r i s t ic  network calculations yield the boundary 
From the loca l  Mach number and the assumption that the 
I n  order 
T h i s  program, writ ten i n  
General details of exhaust plumes and the nomenclature used i n  identifying 
t h i s  material are shown i n  f igure 3. 
identifying Characterist ics of exhaust plumes from e i the r  a conical o r  con- 
toured nozzle other than the leading charac te r i s t ic  l i ne  (labeled L.C.) , which 
is  curved f o r  a conical nozzle and straight f o r  a contoured nozzle. 
thorough discussion of these differences may be found i n  references 1 and 10. 
The r e su l t s  of the present computations, including free-  jet  boundaries and 
in te rna l  charac te r i s t ics  of t he  plume, a re  presented i n  f igures  4 t o  12 and are 
discussed i n  the following paragraphs. 
There i s  l i t t l e  d i s t inc t ion  between the 
A 
I n i t i a l  turning angle.- As any space-directed vehicle increases i n  a l t i -  
tude the decreasing anibient pressure results i n  an increasing r a t i o  of nozzle- 
e x i t  pressure t o  ambient pressure and, likewise, an increase i n  the amount of 
expansion of the exhaust gases upon emission from the nozzle. Other fac tors  
4 
affect ing free-jet expansion are 
nozzle-exit Mach number *j 
en nozzle half-angle 
Y r a t i o  of specif ic  heats 
nozzle-exit s t a t i c  pressure 
pj 
ambient pressure pal 
These factors ,  determined by nozzle design and conditions i n  the combustion 
chamber, a f f ec t  the expansion as shown i n  the following sketch: 
where 
= ~1 - vn + 8, 
and 
Prandtl-Meyer expansion angle f o r  j e t  -boundary Mach number 1 V 
vn Prandtl-Meyer expansion angle for  nozzle-exit Mach number 
A more thorough discussion of t h i s  phase of f ree- je t  expansion i s  presented i n  
reference 1. 
The boundary in i t ia l - turn ing  angle a t  the nozzle l i p  a, is presented i n  
f igure 4 as a function of t h e  pressure r a t i o  f o r  each of the three different  
nozzles. The end points on the curves indicate the maximum pressure r a t i o  fo r  
which theore t ica l  boundaries have been computed and a r e  indicative of turning 
angles t h a t  might be achieved during ground t e s t s  i n  large vacuum f a c i l i t i e s .  
The curves f o r  nozzles I1 and 111 a l so  indicate a range of which spans 
the  pressure r a t i o s  over which these nozzles might operate. Nozzle I, however, 
designed f o r  operation i n  the near-vacuum conditions of outer space w i l l  a t t a i n  
a smaller turning angle which approaches the maximum value of f o r  t h i s  
configuration (approximately 81.5'). The maximum value of a, f o r  operation 
5 
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i n  a near-perfect vacuum f o r  each of the nozzles i s  indicated on the r ight-  
hand ordinate of f igure 4. 
A comparison of the  values of a, f o r  nozzle I with those f o r  nozzles I1 
and I11 a t  a given pressure r a t i o  i l l u s t r a t e s  the e f f ec t s  of MJ, y ,  and 8, 
on the  i n i t i a l  turning angle. 
s tan t  fac tor  regardless of t he  operating pressure r a t i o  p .  pm, Mj, o r  y .  
(See eq. (1) .) 
comparing the values of 
ference between the  two values of % i s  54.2', of which the  8, accounts f o r  
36 percent, the Mach number a t  the nozzle e x i t  accounts f o r  44.8 percent, and 
the  y accounts fo r  19.2 percent. The f igure indicates that e i the r  high Mach 
number nozzles o r  re f lex  nozzles (o r  both) are  desirable t o  obtain l o w  
values. 
from increase i n  nozzle thrus t  and other improvements i n  the operational charac- 
t e r i s t i c s  when high Mach number nozzles and/or re f lex  nozzles a re  u t i l i zed .  
For a given nozzle the e f f ec t  of 8, i s  a con- 
J/ 
A more concrete i l l u s t r a t i o n  of these e f f ec t s  i s  obtained by 
f o r  nozzles I and I11 a t  p .  pm = 105. The d i f -  
J/ 
% 
However, consideration must be given t o  the weight penalty resul t ing 
Plume boundary contours.- Results of the calculations of j e t  plume bound- 
a r i e s  a re  shown i n  f igure 5 i n  which coordinates of the boundaries a re  pre- 
sented i n  the nondimensional form x/ r j  and r/rj. Computations were made f o r  
several  pressure r a t i o s  p pm t o  obtain a reasonably complete coverage of the 
range of pressure r a t io s  shown i n  t ab le  I and f igure 2. 
extremely large as i s  evidenced by the m a x i m u m  boundary coordinates a t  the  
highest computed pressure ra t ios ;  r/rj = 900 
z le  1 a t  p .  pm = 120.700 x 103 ( f i g .  > (a ) ) ;  r/rj = 192 and x r = 424 f o r  
nozzle I1 at  p p, = 5.0 x lo3 ( f i g .  5 (c ) ) ;  and 
x / r j  = 19.340 x 103 f o r  nozzle I11 a t  p .  p, = 2.38 x 106 ( f i g .  5 ( e ) ) .  Fur- 
t hes  evidence of the enormous s ize  of exhaust plumes i n  an ac tua l  space environ- 
ment i s  i l l u s t r a t e d  by the photographs shown i n  reference 11. Since primary 
in t e re s t  i n  j e t  plumes i s  centered around the regions near the nozzle ex i t ,  the 
i n i t i a l  portions of the  boundaries a re  shown by means of an expanded scale f o r  
the three d i f fe ren t  nozzles i n  f igures  5(b),  5(d),  and 5( f ) .  
j l  
These j e t  plumes become 
and x r = 3.7 X 103 f o r  noz- 
/ j  
J /  / j  r/rj = 7.5 x 103 and 
j /  
J /  
Construction of additional jet-boundary contours a t  any intermediate pres- 
sure r a t i o  may be obtained by using f igure 6 f o r  any one of the three nozzles. 
This f igure was constructed by plot t ing the  r e su l t s  of f igure 5 a t  constant 
values of x/rj .  All  curves of constant x / r j  a re  noted t o  fa i r  asymptotic- 
a l l y  in to  a single curve which i s  defined a s  the locus of points representing 
the var ia t ion of the maximum plume radius 
A l s o  shown i n  t h i s  f igure i s  the corresponding downstream location 
a t  which the maximum plume radius occurs. The essent ia l ly  l i nea r  variation, 
on logarithmic paper, of the maximum boundary s ize  with pressure r a t i o  permits 
reasonably accurate extrapolations t o  much higher pressure r a t io s .  The symbols 
with pressure rat io .  ( r/rj)max 
( "/ rj) max 
6 
plo t ted  i n  f igure 6 indicate  the  pressure r a t i o s  f o r  which theore t ica l  calcu- 
l a t ions  were performed. The results shown i n  f igures  6(b) and 6(c)  are sfmi- 
la r  t o  those of reference 1 i n  t h a t  t he  turning angle a t  the nozzle l i p  
exceeded goo. 
pj/pm = 1.13 X lo3 and p p, = 2.275 x 103, respectively. 
For nozzles I1 and I11 the  turning angle reaches 900 a t  
j/ 
Internal_Mach number distribution.-  The center-l ine Mach number distribu- 
t ions  wi tBn  the e&ust plume are shown i n  f igure 7 as a function of distance 
downstream of the nozzle exit. 
of intersect ion of the leading charac te r i s t ic  l i n e  with the  nozzle axial center 
l i n e .  The t i c k s  on the curves indicate  the  center-line Mach number a t  the  down- 
stream location of the m a x i m u m  plume diameter corresponding t o  the  indicated 
pressure ra t ios .  Since the  Mach number d is t r ibu t ions  were obtained from the 
characteristic-network computations with isentropic flow assumed, the s t a t i c  
pressure d is t r ibu t ion  may be determined d i r ec t ly  from the nozzle t o t a l  pressure 
and center-line Mach numbers up t o  the location of t he  first normal shock. The 
method-of-characteristic program that was used t o  obtain the  theore t ica l  plume 
charac te r i s t ics  had no provisions f o r  calculating the location of the first 
normal shock; however, a prediction of t h i s  shock may be obtained from refer-  
ences 12 t o  14. 
the  occurrence of a normal shock when the  s t a t i c  pressure behind the shock i s  
equal t o  the ambient pressure; this method w a s  found t o  produce good agreement 
with experimental data f o r  the  
The point designated L.C. represents t he  point 
The approximate method of reference 12, f o r  example, indicates 
M.J = 1.0 nozzle of reference 1. 
The plume in te rna l  charac te r i s t ics  obtained from the theore t ica l  computa- 
This mapping i n  turn  permits a d i rec t  construction 
t i ons  a re  presented i n  the  form of in te rna l  mappings of constant Mach number 
contours within the  plume. 
of contours of constant density and temperature r a t i o s  by use of well-known 
density- and temperature-ratio equations expressed i n  terms of specif ic  heats  
and Mach number. (See eqs. (45) and (43), respectively, of ref .  15.) The Mach 
number contours are presented i n  f igures  8, 9, and 10 f o r  the three d i f fe ren t  
nozzles. The outside curve i n  each f igure represents t he  jet-plume boundary 
which i s  a l i ne  of constant Mach number corresponding t o  the r a t i o  of the  t o t a l  
nozzle pressure t o  the ambient pressure. Two o r  more p lo t s  are presented f o r  
some pressure r a t io s  t o  c l a r i f y  details near t he  nozzle ex i t .  The internal-  
shock location i s  omitted i n  a l l  f igures;  however, the  location may eas i ly  be 
approxfmated as a l i n e  formed by the intersect ions of the  constant Mach number 
contour l i n e s  or iginat ing a t  the nozzle center l i n e  with the contours which are 
essent ia l ly  p a r a l l e l  t o  the j e t  boundary. 
traced from the nozzle-exit plane t o  the  plume center l i n e  f o r  a given pressure 
r a t i o  is not influenced by a fur ther  increase i n  p pm. Therefore, t o  elimi- 
nate congestion i n  the mapping a t  the higher pressure r a t i o s  some of the low 
Mach number contours have not been presented. 
Also, any contour which can be 
JI 
I n  planes perpendicular t o  the  nozzle center l i n e ,  l oca l  Mach number 
values increase continually with increases i n  r ad ia l  distance out t o  the loca- 
t i o n  of the  in t e rna l  shock, where a sharp Mach number decrease occurs and a 
subsequent gradual decrease out t o  the plume boundary. 
t he  computer program does not make any provision f o r  an entropy gain as the 
flow proceeds across the  in te rna l  shock toward the  plume'boundary. Thus, 
As s ta ted  previously, 
7 
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contours of the  flow parameters located outside the in te rna l  shock would be 
expected t o  be i n  slight error ,  par t icu lar ly  at  large distances from the nozzle 
ex i t .  Also, i f  the methods of references 12 t o  14 indicate the occurrence of a 
normal shock before the  maximum boundary diameterLLs reached, the in t e rna l  map- 
ping contours shown downstream of the  normal-shock location should be 
disregarded. 
Density and & wi th in  the - - ~  pluge . - Since both den- - _p-- 
s i t y  and temperature are functions of the r a t i o  of the specif ic  heats of the 
gas y and of  Mach number, the l i n e s  of constant Mach number shown i n  f ig -  
ures 8 t o  10 may a lso  be considered as l i n e s  of constant density and tempera- 
tu re .  The conversion from Mach number t o  density and temperatures i n  r a t i o  
form may be eas i ly  accomplished by using table I1 (obtained through use of 
r e f .  16). 
from the ax is  r r are presented i n  f igure 11 a t  specif ic  distances down- 
stream of the nozzle e x i t .  
curves indicate  the boundary values a t  the stated pressure ra t ios .  
i s  noted t o  decrease continually from the ax i s  out t o  the in te rna l  shock loca- 
t i on  where an abrupt increase occurs, followed by a more gradual increase out 
t o  the boundary. 
shock moves away from the center l i n e  as the  pressure r a t i o  i s  increased. 
the  density contours (same as Mach number contours) which a re  bounded by the 
in te rna l  shock f o r  one r a t i o  of nozzle-exit pressure t o  ambient pressure are 
not influenced by fur ther  pressure r a t i o  increases. Therefore, density values 
bounded by the in t e rna l  shock a t  one pressure r a t i o  are merely repeated f o r  a 
higher pressure ra t io ,  which accounts f o r  the smooth portion of the curves i n  
f igure 11. 
Typical curves showing the var ia t ion of density with radial distance 
The symbols on the 
The densi ty  
/ j  
(The curves are f o r  nozzle 11.) 
A t  a given s ta t ion  downstream of the nozzle e x i t  the in t e rna l  
Also, 
Typical var ia t ions of temperature r a t i o  within exhaust plumes are  pre- 
sented i n  f igure 12. 
var ia t ions a t  constant distances downstream of the nozzle e x i t  are very similar 
t o  the density p ro f i l e s  of f igure 11. 
(Again values f o r  nozzle I1 are used.) The temperature 
Exhaust interference w i t h  comunication signals.-  The occurrence of radio- 
One such vehicle i s  the Scout which experiences attenuation during 
frequency s ignal  attenuation has been experienced during various missile 
launchings. 
the f i n a l  portion of the  second-stage burning period as reported i n  refer- 
ences 3 t o  6. 
a t ta ined an a l t i t u d e  of approximately 180.0 x 103 f e e t  
na l s  were received by two d i f fe ren t  s ta t ions;  the firing-range s ta t ion  experi- 
enced a large amount of attenuation whereas the other  s ta t ion experienced a 
s ignal  enhancement. (Further discussion of signal attenuation and enhancement 
may be found i n  ref. 6.) 
parable t o  the nozzle I1 configuration reported herein, a comparison of'plume 
s i z e  w i t h  the  beginning of signal attenuation yields some s ignif icant  informa- 
t ion .  The ac tua l  Scout vehicle experiences e f f ec t s  from the free-stream f l o w  
whereas nozzle I1 i s  exhausting in to  quiescent air. For convenience, figure 2 
includes notations of the burning and attenuation period re la t ive  t o  the Scout 
second stage. The firing-range s ta t ion  s ignal  "look" path f o r  an aspect angle 
of approximately 10' (ref. 6), superimposed on the curves of f igures  5(d) 
and 9, shows that the path does pass through the plume at  
The s ignal  attenuation usually began when the vehicle had 
p p, 674). The sig- ( JJ 
Since the nozzle of the Scout second stage i s  com- 
p p, = 1.0 X 103 j/ 
8 
(a l t i tude  k 190.0 x lo3 f t ) .  
( a l t i t ude  = 180.0 x 103 f t )  are used, it can be seen that the "look" path i s  
j u s t  beginning t o  pass through the  exhaust plume. 
therefore appears t o  correspond t o  the  time t h a t  the signal "look" path i s  
intercepted by the theore t ica l  exhaust plume. 
attenuation may be predicted by theore t ica l  data obtained f o r  quiescent a i r  
conditions. 
If values from f igure 6(b) a t  p~/p,, = 680 
The onset of attenuation 
T h i s  suggests that t h e  onset of 
Analysis of Exhaust Effects  on a Typical Spacecraft 
A comparison of the  r e su l t s  from a b r i e f  study of exhaust-plume ef fec ts  on 
a typ ica l  spacecraft made i n  conjunction with the analyt ical  calculations per- 
formed i n  this investigation suggests several  possible problem areas which war- 
ran t  consideration. The magnitude of these problems i s  such that additional 
experimental work may be required. Figure 13 shows a typ ica l  spacecraft and 
indicates  the  location of two of the three vernier engines i n  re la t ion  t o  a 
retro-rocket nozzle with attached je t t isonable  a l t i t ude  marking antenna. 
Exhaust-plume boundaries, including the  approximate boundary f o r  outer-space 
operation, are shown f o r  the vernier engines (nozzle I )  a t  four pressure 
r a t io s .  An estimated normal shock produced by impingement of the exhaust j e t  
on the retro-rocket nozzle i s  a l so  indicated. One area of prime concern i s  the 
heating problem produced by j e t  impingement on the nozzle. The estimated nor- 
m a l  shock adjacent t o  the  retro-rocket nozzle i s  shown again i n  f igure 14 
together with the l i n e  of intersect ion of the  three vernier exhaust j e t s  
beneath the  nozzle and a turbulent dead-gas region of high temperature beneath 
the radar antenna. Impingement of the vernier exhaust plumes on the  retro- 
rocket nozzle w i l l  probably r e su l t  i n  a region behind the normal shock of rela- 
t i v e l y  high pressure and temperature. The poss ib i l i t y  of a midcourse maneuver 
l a s t ing  several minutes may therefore subject the retro-rocket nozzle and 
antenna t o  high-temperature flow and overheating. Reference 17 indicates t h a t  
f o r  a par t icu lar  spacecraft the allowable temperature var ia t ion f o r  sat isfac-  
to ry  operation of the  various components i s  r e l a t ive ly  s m a l l .  
Additional problem areas  are indicated i n  f igure 15 i n  terms of the pos- 
s ib l e  intersect ion of t h e  vernier exhaust j e t  w i t h  a radar antenna and the 
landing pads. Here again, the  impingements may produce shocks which w i l l  
r e su l t  i n  high loca l  gas temperatures. A t  an angle of about 8oo, each occur- 
rence of j e t  impingement with equipment o r  s t ructure  and the  resul tant  complex 
shock of the system increases t h e  amount of backflow of the  exhaust gases. I n  
t h i s  instance the blocked-base area i s  about 95 percent, as shown i n  figure 16; 
however, this blockage may not always occur i n  a single plane. With this s i tu-  
a t ion  the backflow of hot exhaust gases w i l l  follow 8 circui tous route and w i l l  
come i n  contact with various pieces of equipment including the aluminum support 
s t ructure  and the  f u e l  and oxidizer tanks. 
Finally, the poss ib i l i t y  of radar antennas located near t he  zones of 
intersect ion of t he  jet  exhaust boundaries may be another area of concern. 
(See f i g .  17.) 
able molecular bombardment and the  creation of a zone of high temperature and, 
The intersect ion of these boundaries w i l l  r e su l t  i n  consider- 
9 
consequently, 
of the s ignal  
ref. 18.) 
of high ionization. 
attenuation expected f o r  plume interact ions such as t h i s .  
Much uncertainty ex i s t s  as t o  the magnitude 
(See 
CONCLUDING HEMARKS 
In te rna l  charac te r i s t ics  of exhaust plumes have been computed out t o  the  
plume m a x i ”  diameter f o r  three d i f fe ren t  nozzles a t  r a t i o s  of nozzle-exit 
pressure t o  ambient pressure ranging from 10 t o  2.38 X 106. 
boundaries are shown f o r  several pressure r a t i o s  and f igures  are presented that 
allow the s ize  and shape of the exhaust plumes t o  be determined a t  intermediate 
pressure r a t i o s .  In te rna l  contours of constant Mach number are shown f o r  sev- 
eral pressure r a t i o s  from which density and temperature within the exhaust 
plume may be obtained. It w a s  noted t h a t  the  plume internal  Mach number (a l so  
density and temperature) a t  points within the  in te rna l  shock f o r  one r a t i o  of 
nozzle-exit pressure t o  ambient pressure was not influenced by a fur ther  
increase i n  pressure r a t io .  
Exhaust plume 
A b r i e f  study of the  exhaust-plume e f f ec t s  on a typical  spacecraft has led 
t o  the conclusion t h a t  several  problem areas can e x i s t  which may require fur -  
t h e r  consideration. 
Langley Research Center, 
National Aeronautics and Space Administration, 
Langley S t a t i m ,  Hampton, Va.,  November 3,  1964. 
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APPENDM 
The method-of-characteristics computer program of reference 1 yields  
boundary coordinates and several  additional internal-flow parameters, one of 
which is  the loca l  Mach number. Plots of constant Mach number contours within 
the  exhaust plumes a re  desired; however, i n  order t o  obtain these plots ,  it is  
necessary t o  interpolate  between consecutive points i n  the charac te r i s t ic  net.  
For this reason a program has been set up t o  have %he interpolation performed 
by a computer which yields  output cards that are used d i r ec t ly  i n  machine 
p lo t t ing  of Mach number contours. 
second-order interpolation of t he  program-output tape of reference 1. 
The program obtains the  point values by 
The only input required f o r  the  interpolation program i s  the  coordinate- 
scale ranges f o r  the p lo t  and the Mach numbers f o r  which contour l i nes  a re  
desired. The coordinate ranges and Mach numbers a re  selected from the  output 
l i s t i n g  of t he  charac te r i s t ic  program of reference 1. Care should be taken i n  
the selection of the Mach numbers so as not to have the  constant Mach number 
l i n e s  too dense near the nozzle ex i t ;  f igure 10(b) i s  an example of dense Mach 
number l ines .  
t o  10. 
The r e su l t s  of the machine p lo t t ing  a re  presented i n  f igures  8 
The interpolat ing program fo r  an IBM 7090 electronic  data processing sys- 
tem, writ ten i n  FORTRAN I1 language, i s  reproduced i n  the  following pages. 
11 
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CP5431  
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
F 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
6 
C 
C 
C 
C 
C 
C 
READS TI- WRITTEN B Y  P-5430. 
INTERPRETS FOR S P E C I F I C  MACH NUMBERS IN  THE NETWORK* 
PUNCHES CARDS FOR MACHINE PLOTTING 
INPUT FOR A CASE 
1ST CARD 
ZNO CARD 
3RD CARD 
4TH CAR0 
I D E N T I F I C A T I O N .  COL.1-BO 
I D  FOR CARD OUTPUT. COL.1-6 
MACH NO-. COL.1-7 
INCREl4ENT FOR MACH NO.. COCdI -14  
X SCALE FACTOR (CANT B E  0 1 .  COL.15-21 
Y SCALE FACTOR (CANT BE 0 1 .  COL.22-Zl3 
SET X ORIGIN .  COLaZ9-3S 
SET Y ORIGIN.  COC.36-42 
SQUARE0 ACCEPTABLE DISTANCE BETWEEN POINTS. COL.43-49 
L I M I T S  S I Z E  OF X. COL.50-S6 
LIMITS S I Z E  OF Y .  COL.57-63 
NO. OF INCREMENTED MACH NOS. TO BE USED. COL.1-4 
- 1  I N I T I A L  RUN (COMPUTES NB AND P I C K S  BNO P T S I  OR 
-2 P I C K W  (EXPECTS NE VALUE AND IGNORES BNO PTSl.COL.5-8 
-0 I N I T I A L  RUN OR 
r N B  VALUE (NO. X.Y COOROINATES FOR BNO P T S I .  COL.9-12 
-0 E X I T  AFTER THIS CASE OR 
-1  READ MORE INPUT. COL.13-16 
D IMENSION FILEl10~1000l~BPTSl2000l~BP(20001~ 
COMMCN F I L E  
1XYPTSl4000l~XY~4000)~CASIOll4l 
COM TO OPER 
P R I N T  1 
PAUSE 
REWINO 9 
WRITE OUTPUT TAPE 6.2 
I FORMAT (38HOGlVEN T A W  ON 05. SAVE 85. START. CBCI  
ZOFORMAT ( IBHICHARLOTTE CRAIDON/ 
l lH1 / / / / 28HOSETUP FOR PLOTTING P-5431 / / /1  
I F  D I V I D E  CHECK 3*3 
INPUT AN0 RETURN FOR N E W  CASE 
3 READ INPUT TAPE S I I ~ ~ C I \ S I O ~ R U N ~ F ~ N D V ~ F I N C R ~ X S C A L I  
IYSCAL.XMIN.YM~NIDTEST~XEIG~YBIG~ 
E N I N D “ B N D I N ~ . N C A S E  
4 FganAT(13A6,AZ/Aa,9F7.0,414) 
SET J FOR MACH 
J-9 
P R I N T  CASE ID 
9 WRITE OUTPUT TAPE 6.10.CASID 
10 FORMATCIH .13A6.A2/ / / l  
USE OR IGNORE BOUNDARY P T S  
I 1  IF  (NBNO-21 12.35.920 
OOUNDARY P O I N T  SECT lON 
12 N S I G - I  
LTST.1 
RETURN FOR N E W  F I L E  
13 CALL XTPRDlNVSE*NSIG)  
TEST FOR MORE F I L E S  
14 I F l N S I G l 9 3 0 ~ Z O ~ 1 S  
I5 NINVSE 
HB’NB+Z 
BPTS (NFI-I 1 - F I L E  I B  .N I 
SET Y+ 
OPTSINBI-ABSPlFILLl7.N)) 
16 60 T O l 1 7 . I B l . L T S T  
17 LTST-2  
GO TO 13 
TEST FOR ABS Y M C R E A S I N G  
18 IF (8PTS lN01-BPTSINB-211  20113.13 
2 0  REWIND 9 
N0NJ.2 
SETUP FOR PLOT 
DUNCH W S E T  CARD 
WRITE OUTPUT TAPE 7*22 .RVN 
22 FORMAT ( ~ H S S S S S N I ~ X ~ H O . ~ X ~ H O . I X I U - ~ ~ X  
.!14r?58GS421 OWCT 
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t 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
P R I N T  HCAOINGS 
WRITE OUTPUT T A P E  6 . 2 3 r M . R U N  
23 FORMAT 123HOBOUNOARY P O I N T S  NB-I¶ l r4X.A6/ /  
I ~ X ~ H P L O T I ~ X ~ ~ R E A L / ~ ~ X I ~ X ~ ~ I ~ Y ~ X I ~ X ~ X I ~ Y ~ ~ ~ I  
SCALE AND SET o PI. m a  OOUNDARY 
DO 24 I.I.Nb.2 
BPlIl~BPTSlII*XSCAL-X*IN 
BPlI+1I~BPTSlI+Il*VSCAL-Y~IN 
24 C O N T I W E  
PUNCH A N 0  P R I N T  
BPX.OP1 I I 
opy-ep i 2 i 
OMIT POINT ir OUTSIDE RANGE 
I F I X B I G - O P X I  24¶*240.240 
240 1 ~ l Y R I G d P Y I  24¶.2420242 
242 WRITE OUTPUT T A P E  7 . 2 B ~ B P X ~ O P Y ~ 8 P T S l I I . 8 P T S l ~ I . R W  
WRITE OUTPUT TAPE 6.29.BPXibPY.BPTSIII.OPTSlPI 
240 00 30 1-3.NC4.2 
C 
C CHECK DISTANCE BETWEEN P O I N T S  
C 
o2.lBPX-BPlIll*.Z+lBPY-oPll+lIl+.2 
i r 1 ~ 2 - o ~ ~ s ~ 1 3 o . z ~ ~ ~ ~  
2¶ O P X - B P I I I  
0PY.OPI 1+1 I 
C 
C W I T  P O I N T S  IF  OUTSIDE RANGE 
C 
IF I X B I G - b P X 1  30.2b.26 
26 IF I Y B I G - B P Y I  30.27.27 
27 WRITE OUTPUT TAPE ~~~B.BPX.BPY~BPTSIIIIBPTSII+II~R)UI 
28 F W M A T l 6 ~ S S S S I N ~ 2 F B . O ~ 2 ~ l O ~ 2 ~ 2 4 X l 4 ~ C O C ¶ 4 3 1  BNO * A 6 1  
29 FORMATlZFB.0.2P10.2I 
30 C O N T I M E  
33 FORHAT I IHI 1 
WRITE OUTPUT TAPE 6.29,BPX.BPY.BPTSII I ~ B P T S l I + I I  
WRITE OUTPUT TAPE 6.33 
C 
C 
C SEARCH A N 0  INTERPOLATION SECTION 
C 
C RETURN roR INCREMCNTED VARIABLE 
40 N S I G - I  
IGN-NO 
NXY.0 
C 
C N X I  COUNTS COORDINATES 
C 
C RETW roa NEW FILE 
C 
4¶ C A L L  XTPRDINUSE.NSIG1 
C 
C TEST FOR MORE r iLEs 
C 
46 IF lNS161930.04.47 
47 IGN-IGN-2 
I ~ l I G N 1 4 0 ~ ¶ 0 ~ 5 0  
GO TO 51 
50 N-NUSE+l 
51 IF IN-998 1¶2.6¶ a 411 
48 N-NUSE 
C 
C SEARCH r iLc  
C SET Y+ 
C 
¶2 DO 63 1-Ne997 
¶3 I~IFlV-FILElJ~I+11154~¶4~60 
¶4 I~lFILElJ~I+Il-F1LElJ~I+2ll¶¶~¶5~6O 
¶¶ I ~ l F I L E l J ~ I + 2 l - F I L E I J ~  1+311¶66.¶66.¶a 
¶6 NXY-NXY+L 
¶7 XYPTSINXY-I l 'TERPZ l ~ I V ~ F I L E l J ~ I l ~ ~ I L C l ~ ~ I + I l ~  
I~ILElJ~1+2l~~ILElO~II~FILElB~I+llrPILElOrI+~Il 
I F 1 L E l J ~ I + 2 I . F I L E t 7 .  I I I F I L E I ~ ~ I + I ~ ~ ~ I L E I ~ ~ I + ~ I ~ I  
1FIFILElJ.Il-CIVI¶3~¶3~60 
X Y P T S I N X Y l I A B S F I T E R P 2  l F I V ~ F I L E l ~ ~ I l ~ F I L E l J ~ I + I l ~  
GO TO 63 
¶-9 I F l I - l N + 1 ) 1 6 3 * ¶ 9 ~ ¶ 9  
S 9  NXY-NXY+P 
XYPTSINXY-11-TERP2 1 F 1 V ~ ~ 1 L E 1 J ~ 1 - 1  I ~ ~ I L C I J ~ I l ~  
lFILElJ~I+Il~~ILElO~I-Il~FILEI~~1l~FILEl~~1+1I1 
X Y P T S I N X Y I - A B S F I T E R P P  IPIV~FILElJrI-Il~~ILLlJ~Il~ 
IFILE lJ* I + I  I . F I L E I 7 . 1 - 1  I . C I L E l 7 .  I I .FILEl7. I + I  I I I 
GO TO 63 
60 I~lFIL~IJ.I+lI-FIV)61~61~63 
61 I~lFIV-F1LElJ~II)S6.M.63 
63 CONTINUE 
C 
C TEST FOR L A S T  3 P T S  OR O K Y  3 P T S  
F 
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C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
6S 
e4 
67 
ea 
69 
70 
7 1  
72 
73 
74 
IF IF ILBIJ 1 9 9 8  I-Fl v 16dr6d 468 
I F ~ F I V - F 1 L E l J ~ 9 9 9 l l 6 7 . 6 7 . 7 0  
IFlFILE~J~999l-FILElJ~lOOOll7S~7S~7O 
IF ( F I V - F I L E 1  J.999 1 170.70.69 
IFlFILE(J.9991-FILElJ.1000)) 70.70.75 
IFlFILElJ~998l-FILElJ~999~l7l~7l~73 
IF(FlLlZlJ.9991-FIVl72.72.411 
IFlFIV-FILElJ~1000)17S~7S~4S 
IFlFILE(J~999)-FIV)4S~4S~74 
IFlF1V-FILEIJ~1000114S~4S~7S 
711 NXY*NXY+2 
78 XYPTSINXY-I  1-TERTJ.? IFIV.FILEIJ~998l.FILElJ~9991~ 
1FILEIJ~1000l~CILEl8~998l~FILEl8~~91~FILEl8~lOOO~l 
X Y P T S l N X Y l - A B S F ( T E R P 2  ~ F I V ~ F 1 L E l J ~ 9 9 8 I ~ F f L E l J ~ W 9 1 ~  
1FILEIJ~1000I~~ILEI7~998I~FILEI7~999I~FI~EI7~lOOOIII 
REA0 ANOTHER FILE 
80 GO TO 45 
84 I F l N X Y 1 9 2 0 ~ 1 0 5 ~ 8 5  
P R I N T  HEADINGS 
O S  WRITE OUTPUT TAPE 6.W.FIV.RLM 
86 FORMATIISHOMACH NUMBER - rFb.2.4X.A6// 
I 7 X 4 H P L O T  I ~ X ~ H R E A L / / ~ X I  H X 7 X l  H Y B X l H X 9 X l  MY/// ) 
SCALE AN0 SET 0 PT. 
DO 87 I-l .NXY.2 
XYIII-XYPTSlll*XSCAL-XMIN 
X Y l I + I l r X Y P T S l I + I  I *YSCAL-YMlN 
87 CONTINUE 
PUNCH AND PRINT 
XSAV-XY I I I 
YSAV-XY I 2  I 
O M I T  P O I N T  IF OUTSIDE RANGE 
IF l X B I G - X 5 A V l  90188.88 
88 I F I Y B I G - Y S A V )  90.89.89 
89 WRITE OUTPUT TAPE 7 ~ 9 8 ~ X S A V ~ Y S A V ~ X Y P T S l l ) r X Y P T S I 2 ) ~ F I V ~ R U N  
WRITE OUTPUT TAPE 6 ~ 9 9 ~ X S A V ~ Y 5 A V ~ X Y P T 5 1 1 ~ ~ X Y P T S 1 2 1  
90 I F ( N X Y - 2 ) 9 2 0 ~ 1 0 1 , 9 1  
91 DO 100 1-3.NXY.2 
CHECK D I S T 4 N C E  BETWEEN P O I N T S  
D Z - l X S A V - X Y l l ~ ~ ~ r 2 + I Y S A V - ~ Y ~ I + I I ~ * * 2  
l F ( D 2 - D T E S t l l 0 6 . 9 2 , 9 2  
Y s A v - X Y l l + I I  
92 XSAV=XY 1 I t 
O M l T  P O I N T S  I F  OUTSIDE RANGE 
IF 1XBtG-XSAVI 100194.94 
94 IF I Y B I G - Y S A V I  100.97.97 
97 WRITE OUTPUT TAPE 7~98~XSAV~YSAV.XYPTS(IIrXYPTSlI+I)rFIV.RUN 
98 F O R M A T l 6 H S S S S S N ~ 2 F 8 . 0 . 2 F 1 0 . P . 8 4 X 7 H C 8 C S 4 3 l ~ F 6 ~ ~ ~ I X ~ A 6 1  
99 FORMATlZF8.0.2F10.21 
WRITE OUTPUT TAPE 6 ~ 9 9 ~ X S A V ~ Y S A V ~ X Y P T S ~ l l ~ X Y P T S 1 I + l l  
100 CONTINUE 
IO1 WRITE OUTPUT TAPE 6.33 
C 
C T E S T  FOR VARIABLE INCREMENT 
C 
I OS IF  ( N I N O )  107.107r 1 0 6  
1 0 6  N I N O ~ N I N D - I  
C 
C 
C 
101 
108 
C 
C 
C 
920 
92 I 
C 
C 
C 
930 
9 3 1  
F l V - F I V U I N C R  
GO TO 40 
E X I T  TEST 
IF INCASE 11081 10813 
REWIND 9 
EN0 FILE 7 
CALL E X I T  
ERR RETURN 
REWIND 9 
EN0 FILE 7 
WRITE OUTPUT T a P E  6.921 
FORMAT1 14nOPROGRAM ERROE(/lHI ) 
CALL OUMP 
REDUNDANCY CHECK RETURN 
WRITE OUTPUT TAP€ 6 . 9 3 1  
FORMATl43HOREDUNDANCY CHECK AFTER 10 ATTEMPTS TO R E A O / 1 n I l  
REWIND 9 
END FILE 7 
CALL E X I T  
END 
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C SECOND ORDER INTERPOLATION 
C 
C 
FUNCTION T E R P ~ I Y ~ X O ~ X I ~ X 2 ~ r O ~ ~ l ~ F Z I  
I F ~ ~ I I F O ~ I X I - X ~ - F I * I X O - X ) I / ( X I - X O ~  
2 F21*1FO*lX~-Xl-F2*lXO-Xll/lX2-XOl 
3 TERP2~IFIIIIX2-XI-F21*IXl-XI~/IX2-X1~ 
b WRITE OUTPUT TAPEbr7 
7 F O R M A T l 3 0 H O D I V I O E  CHECK I N  INTERP. S U E R . / I H I I  
E RETURN 
I F O I V I O B C H E C K b ~ ~  
C A L L  O U W  
E N 0  
F A P  
COUNT 5S 
LBL XTPR0.X 
ENTRY XTPRD 
XTPRD I N I N S I G I  SUBR. TO READ A FILE ON E5 FOR P-5431 
N I B E G I N N I N G  RECORD FOR FORTRAN PROGRAM 
N S I G  = - REDUNDANCY CHECK AFTER 10 T R I E S  - 0 END OF TAPE 
c = + MORE F I L E S  TO BE R E A 0  
XTPRO CLA 
STA 
CLA 
STA 
STA 
SXA 
SXA 
SXA 
AXT 
I N  TEFE 
RTEE 
RCHE 
TCOE 
T W B  
RTEB 
RCHB 
TCOB 
TRCB 
CLA 
ANA 
CHS 
ADD 
L R S  
OVP 
XCA 
A D O  
ALS 
ANS STO 
AC A X T  
AXT 
AXT 
TRA 
scn8 
sue 
1 0  roc0 
101 IOCO 
REDUN BSFB 
3:- 
STO 
TRA 
STZ 
OUT REUB 
TRA 
LFILE P Z E  
B A W  BSS 
F X I O  M C  
MASU OCT 
MASK1 OCT 
r x i  DEC 
1.4 
ANS 
2.4 
OUT+I 
REDUN+3 
AC. I 
A C + I r l  
A C + 2 r 4  
10.1 
*+l 
5 
10 
OUT 
5 
1 0 1  
REOUN 
BAD0 
BAD0 
MASK 
r x i  
LFILE 
35 
F X l  0 
F X  1 
1 9  
** . I  
**.E 
**,a 
3.4 
.* 
rr~c-9999.0.10 
~ I L E - ~ ~ B ~ . o . ~ w I  
+* 
AC 
5 
H 
AC 
I 
1 
10 
m-n 
4 0 0 0 0 1 0 0 0 0 0 0  
rim 
COF L I G H T  O f f  
EOF-ENU TAPE 
FILE COMMON 10000 
EM) 
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TABU I.- NOZZIZ EXIT GEOMETRY AND OPERATING CONDITIONS FOR CALCULATIONS 
N o z z l e  I N o z z l e  I1 
(c i r cu la r  arc)  (conical)  
. . . . . . . . . . .  M j . .  5.35 3.41 
pt, ps ia  70 to 240 520 
pj, " H g  . . . . . . . . .  1.63 t o  5.64 219.8 
rj, i n .  . . . . . . . . . .  2.545 19 - 25 
. . . . . . . . . .  en, deg 0 20.66 
7 . . . . . . . . . . . . .  1.24 1-15 . . . . . . . . . .  
9.88 15 
31.9 100 
188.1 500 
. . . . . . .  1.359 x 103 1.0 X I d  i 120.700 X 103 7.0 X lo3 f o r  t heo re t i ca l  calculat ions 5.410 x lo3 13.756 x 103 3.0 x I d  5.0 x l$ Values of p poo used J I  I 
__ - 
N o z z l e  I11 
(conical) 
3.39 
19.5 
1.18 
m 
246 
0.415 
15 
2.38 x lo2 
2.38 x 103 
2.38 x lo4 
2.38 x 105 
2.38 x lo6 
---------- 
18 
ret boundary 
2.2829 -8 
. a 6 7  -8 
.192 -8 
.1674 -8 
,9992 -9 
,8061 -9 
,7177 -9 
,6405 -9 
,5120 -9 
,4586 -9 
,1303 -8 
. l l52 -8 
let boundary 
).3178 -3 
,1235 -3 
,2954 -4 
,5992 -5 
.1%7 -5 
,9267 -6 
.1608 -6 
0.8879 -2 
,8329 -2 
.eo72 -2 
,7828 -2 
A953 -2 
.6%9 -2 
,6389 -2 
,6216 -2 
.5891 -2 
.37% -2 
,7371 -2 
. n 5 7  -2 
0.1447 
,1154 
.8l83 -1 
,5580 -1 
.42n -1 
.3%5 -1 
,2341 -1 
.2255 
,1880 
,16647 
,1453 
. 1 2 9  
.U52 
.lo34 
.9328 -1 
,8453 -1 
,7692 -1 
,7027 -1 
,6443 -1 
.5928 -1 
,5470 -1 
.*3 -1 
,4699 -1 
.4373 -1 
-1 
,3812 -1 
,3571 -1 
.2970 -1 
.BO3 -1 
,2649 -1 
,2508 -1 
,2377 -1 
.22% -1 
,2041 -1 
,1945 -1 
.1855 -1 
.1m -1 
,1693 -1 
.16m -1 
30.5 
31.5 
32.0 
32.5 
33.5 
34.0 
34.5 
35.5 
36.0 
36.5 
37.5 
38.0 
~ 
~ 
7.018 
7.995 
9.67 
11.875 
13.667 
15.014 
18.643 
6.414 
7.945 
9.728 
L4.194 
t i .  779 
0.1840 - 3  
.2612 -4  
.%63 -5  
,5281 -6 
,7570 -7 
TABLE II . - GAS FLOW TABLES 
tabulated values indicate paver of 10 by which the number should be d t i p l i e a ]  
Y =  
M 
Nozzle I, 1 = 1.24 le n, 7 = 1.15 NC __ 
M 
- 
3.41 
4.0 
4.5 
5.0 
5.25 
5.5 
5.75 
6.0 
6.25 
6.5 
6.75 
7.0 
7.25 
7.5 
7.75 
8.0 
8.25 
8.5 
8.75 
9.0 
9.25 
9.5 
9.75 
.o.25 
.o .5 
LO. 75 
11.0 
L1.25 
L1.5 
.I. 75 
.2.0 
a. 0 
Nozzle 11 - 
P 
K - 
3.2017 -2 
,9449 -3 
,5454 -3 
, 3 2 5  -3 
,1970 -3 
.=29 -3 
,7835 -4 .m -4 
. 3 9 2  -4 
.2283 -b 
,1567 -4 
.log1 -4 
.7709 -5 
.5518 -5 
.3998 -5 
,2929 -5 
,2170 -5 
.1623 -5 
.1226 -5 
, 9 3 5  -6 
.4330 -6 
. 3 b l  -6 
.2689 -6 
,2139 -6 
,1712 -6 
,1378 d 
,9068 -7 
,7419 -7 
,6087 -7 
,5025 -7 
,4159 -7 
.3462 -7 
,2889 -7 
.2423 -7 
.a737 -7 
.17u  -7 
.14% -7 
.1238 -7 
,1055 -7 
.921 -8 
,7729 -8 
,6648 -8 
,5727 -8 
,4952 -8 
,4288 -8 
-3241 -8 
,3726 -8 
~ 
T - 
Tt 
- 
M 
__ 
3.39 
4.0 
4.25 
4.5 
4.75 
5.0 
5.25 
5.5 
5.75 
6.0 
6.25 
6.5 
6.75 
7.0 
7.25 
7.5 
7.75 
8.0 
8.25 
8.5 
8.75 
9.0 
9.25 
9.5 
9.75 
0.0 
0.25 
0.5 
0.75 
1.0 
1.25 
1 .5  
1.75 
2.0 
2.25 
2.5 
3.0 
3.25 
3.5 
3.75 
4.0 
4.25 
4.5 
4.75 
5.0 
5.25 
5.5 - 
M 
- 
5.3: 
6.0 
6.5 
7.0 
7.5 
8.0 
8.5 
9.0 
9.5 
10.0 
10.5 
11.0 
11.5 
12.0 
12.5 
13.0 
13.5 
14.0 
14.5 
15.0 
16.5 
17.0 
17.5 
18.0 
18.5 
19.0 
20.0 
20.5 
21.0 
21.5 
22.0 
22.5 
23.0 
23.5 
24.0 
24.5 
25.0 
25.5 
26.0 
26.5 
27.0 
27.5 
28.0 
28.5 
29.0 
29.5 
30.0 
~ 
P - 
P t  
1.1529 -1 
. 5 a 4  -2 
. a 1 6  -2 
,8758 -3 
,5589 -3 
.3722 -3 
.2453 -3 
,1629 -3 
,1090 -3 
.73% -4 
,5001 -4 
,3426 -4 
.2$5 -4 
.1645 -4 
.1153 -4 
.a137 -5 
,4140 -5 
,5784 -5 
,2983 -5 
,2163 -5 
,1579 -5 
. u 6 0  -5 
,8567 -6 
.6%6 -6 
,4758 -6 
.3574 -6 
.2700 -6 
,2050 -6 
.1%4 -6 
. u 9 9  -6 
,9237 -7 
.D47 -7 
P - 
Pt 
).1935 -1 
.TO44 -2 
,3137 -2 
,2113 -2 
,1433 -2 
.9790 -3 
.6741 -3 
,4677 -3 
.327l -3 
-2305 -3 
,1637 -3 
. u 7 2  -3  
.a447 -4 
.6134 -4 
,4487 -4 
.3304 -4 
.2450 -4 
.la28 -b 
.l373 -4 
,1038 -4 
. w 7  -5 
,6029 -5 
.4635 -5 
,3582 -5  
,2783 -5 
,2173 -5 
.1704 -5 
.1344 - 5 
,1064 -5 
.a458 -6 
.67% -6 
,5417 -6 
.4360 -6 
,3524 -6 
.28% -6 
,191 -6 
,1559 -6 
.1281 -6 
,1057 -6 
,8749 -7 
,7263 -7 
,5047 -7 
,3546 -7 
.4687 -2 
,6045 -7 
.4225 -7 
,2904 -7 
T - 
Tt 
.4w 
. m 9  
.3543 
. 3 m  
.3077 
. 2 8 b  
.26ffi 
.2515 
,2358 
.2215 
.ma2 
.1%1 
.1848 
.I745 
,1649 
,1561 
.1479 
.lb3 
,1335 
,1267 
,1206 
,1149 
. log6 
.lo47 
. loo0 
,9564 -1 
,9155 -1 
,8772 -1 
.a10 -1 
.807l -1 
.7753 -1 
.7449 -1 
. n 6 3  -I 
,6894 -1 
A 3 9  -1 
.6169 -I 
.5953 -1 
,5746 -1 
,5551 -1 
,5365 -1 
.5188 -1 
,5019 -1 
,4859 -1 
, 4 7 6  -1 
) .4916 
.4%0 -1 
,4420 - 1 
).5342 
,4545 
.3970 
,3478 
,3260 
.3059 
t2874 
.2703 
.2545 
,2399 
,2264 
,2139 
,2023 
,1916 
.la17 
.1724 
.1638 
,1558 
,1483 
.1413 
,1348 
,1287 
,1239 
. u76 
,1126 
15.75 
16.0 
16.25 
16.5 
17.0 
17.5 
18.0 
18.25 
18.5 
18.75 
19.0 
19.25 
19.5 
19.75 
20.0 
20.25 
20.5 
20.75 
21.0 
21.5 
22.0 
22.5 
23.0 
23.5 
24.0 
24.5 
25.0 
25.25 
25.5 
25.75 
S.0 
s . 2 5  
s . 5  
s . 7 5  
27.0 
27.25 
17.5 
,1079 
,1035 
,926 -1 
,9531 -1 
,9159 -1 
,8807 -1 
,8475 -1 
.1551 -1 
.1487 -1 
.1426 -1 
.E69 -1 
,1316 -1 
,1266 -1 
.1218 -1 
).2769 -3 
,6869 -4 
,3727 -4 
.92% -5 
1.2926 
,2374 
,2166 
,1758 
5.677 
6.544 
6.944 
7.907 
_ -  
Jet boundar - .  ,1173 -1 
,1150 -1 I1 ,2127 
.14% 
,1053 
,7414 -1 
,5227 -1 
i 
1 . 6 2 5  . -- ___ 
Nozz le  I 
M .  = 5.35 
y = 1.24 
J 
e = oo 
Nozz le  I1 
M .  = 3 .41  
y = 1 .15  
0 = 20.66O 
J 
Nozz le  I11 
M. = 3.39 
J 
y = 1.18 
en = 19.5O 
Figure 1.- Sketches of nozzles having operating conditions t h a t  d ic ta ted  the  theore t ica l  
computations reported herein. A l l  dimensions a re  i n  inches. 
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Figure 2.- Operational ranges of three different  nozzles. 
Figure 3 . -  General de t a i l s  of exhaust plume. 
Iu w 
Figure 4. - Initial turning angle of plume boundary a t  nozzle l i p .  
( a )  Complete boundaries; nozzle I. 
Figure 5.- Exhaust-plume-boundary coordinates f o r  various pressure r a t io s .  
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Figure 5. - Continued . 
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Figure 5.- Continued. 
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Figure 5.- Continued. 
( e )  Complete boundaries; nozzle 111. 
Figure 5.- Continued. 
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Figure 6.- Variation of r ad ia l  distance of plume boundary from the center l i n e  with pressure r a t i o  f o r  various 
distances downstream of nozzle e x i t .  
3 4 5 6  e l 0 3  2 3 4 5 6  e l 0 4  
(b) Nozzle'II. 
Figure 6.-  Continued. 
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Figure 6.- Concluded. 
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Figure 7.- Mach number distribution along center l i n e  of exhaust plume. w w 
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Figure 7. - Concluded. 
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Figure 10.- Continued. 
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Figure 11.- Variation of densi ty  r a t i o  as r a d i a l  distance i s  increased at  constant distances 
downstream of nozzle e x i t  f o r  various pressure r a t i o s  of nozzle 11. 
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Figure 11.- Continued . 
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Figure 13.- Sketch showing possible location of vernier engines in  relation to  a retro-rocket. 
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Figure 14.- Side-view sketch with jet impingement on retro-rocket nozzle. 
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Figure 16.- Sketch showing an approximate blocked-base area. 
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